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O . Abstract 

. Low energy phenomenology of the unparticle physics associated with an exact scale invariant 

sector possessing a non-trivial infrared fixed point at a higher energy scale is explored for both 
electron-positron and hadronic colliders. Feynman rules for a spin 0, 1 or 2 unparticle coupled to a 
■ variety of standard model gauge invariant operators that are relevant to many low energy processes 

^ , involving either real emissions of unparticles or their virtual propagator effects are presented. 

(—] \ Missing energy and/or recoil mass distributions of the unparticle in the associated production of 
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unparticle together with a photon or Z boson at LEP2 and ILC as well as in Z decay into an 
unparticle plus a fermion-antifermion pair are studied. In addition, mono-jet production with 
missing energy from the unparticle at hadronic collisions are explored. The complex phase in the 
unparticle propagator that can give rise to interesting interference effects between an unparticle 
exchange diagram and the standard model amplitudes are studied in details for the Drell-Yan 
process as well as muon pair and diphoton production in electron-positron annihilation. These 
energy and/or recoil mass distributions (with the exception in hadron colliders) and interference 
' effects are found sensitively depending not only on the scale dimension but also on the spin of the 

unparticle. For the spin-2 unparticle, its physical effects is found to resemble that of a tower of 
Kaluza-Klein gravitons, which strongly indicates that the underlying unparticle physics may have 
root in a higher dimensional theory. A connection between unparticle physics and theories of large 
extra dimension is speculated. Experimental constraints on the unparticle scale are deduced from 
the LEP2 data on mono-photon production and from the 4-fermion contact interactions. 

PACS numbers: 14.80.-j, 12.90.+b, 12.38.Qk, 13.40.Em 



1 



I. INTRODUCTION 



Scale invariance is a very appealing symmetry in both physics and mathematics. The 
dilatation generator D for scale transformation does not commute with the spacetime trans- 
lation generators P^. Their commutation relations are familiar: 

[D,P,] = -iP,. (1) 

This implies for a real s 

exp{+isD)P'^ exp{-isD) = exp{2s)P'^ . (2) 

Thus, the exact scale symmetry requires that the mass spectrum is either continuous or all 
masses are zero. In a renormalizable theory, this symmetry must be broken either explicitly 
by some dimensional mass parameters in the theory or implicitly by quantum loop effects, 
d la Coleman- Weinberg mechanism for example. Indeed, scale invariance is manifestly 
broken in the Lagrangian of the standard model (SM) of particle physics at tree level by 
just a single negative mass squared term in the Higgs potential. Despite the lack of scale 
invariance in the standard model, it is logically plausible to imagine that there exists such 
a scale invariant sector at a higher scale above TeV that can be probed at the LHC or ILC. 
Such a sector might be strongly coupled to itself and highly nontrivial but nevertheless can 
be only weakly coupled to the matter in the standard model. One expects that such a sector 
decouples effectively from the low energy and can use the power of effective field theory 
approach to describe its low energy effects. 

Recently, Georgi I2I] motivated by the Banks-Zaks theory j^, suggested that a scale invari- 
ant sector with a nontrivial infrared fixed-point behaves rather peculiar from the perspective 
of particle physics. It was keenly observed in that an operator On with a general non- 
integral scale dimension du in a scale invariant sector has a mass spectrum looked like a du 
number of invisible massless particles. This was coined as unparticle U by Georgi. Unparti- 
cle does not have a fixed invariant mass squared but instead a continuous mass spectrum in 
accordance with the above general argument. It was also pointed out that real production 
of an unparticle at low energy processes described by an effective field theory can give rise 
to peculiar missing energy distributions because of the possible non-integral values of du- 

Subsequently, the propagator for the unpartiele was worked out rrrdeperrderrtly in fl 
and [5,]. An unusual phase in the unparticle propagator was discovered by both groups 



and the interesting interference patterns between the amphtude of s-channel unparticle 
exchange and those from the SM were studied. In Ref. ^, the interference effect between 
the complex phase of the unparticle propagator and the complex Breit-Wigner form of the 
unstable Z boson propagator was studied in details for the backward-forward asymmetry 
in the e~e^ — ^^^^ process near the Z pole. In Ref. [5j], the interference between the 
amplitude of an s-channel spin-1 unparticle exchange with the SM amplitudes for the Drell- 
Yan process was explored at the Tevatron. An one-loop unparticle exchange contribution to 
the lepton anomalous magnetic moment was also calculated in jsl. More recently, various 
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le unparticle has been explored by many groups 



15|, ll6|, Q, [I9i, I20(, [21|, |22i, 
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In this paper, we present in much more details the results reported earlier in ^] and 
extend to further processes that are relevant to collider experiments. We believe these 
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processes are of immediate interests to theoretical and experimental 
next section, we review the derivation of the two-point functions 

and spin structures of the unparticle operators Ou, Oy and Oy first introduced in Ref.j^. 
Feynman rules for these operators coupled to those standard model invariant operators of 
special interests are explicitly given. In addition, four-fermion contact interactions due to 
spin-1 and 2 unparticle exchanges are written down. At the end of this section, we also 
speculate on a possible connection between unparticle physics and theories of large extra 
dimension. The subsequent two sections are phenomenological applications. In section III, 
we discuss real emissions of unparticles. This covers e~e^ — 7W and e~e+ ZlA at e^e^ 
colliders, and Z ffU at the Z pole, as well as mono-jet production plus unparticle U at 
hadron colliders. LEP2 data of mono-photon production is used to constrain the unparticle 
scale. In Sec. IV, we study the interference effects between the exchange of virtual unparticle 
and the standard model amplitudes. We discuss several classic reactions including Drell-Yan 
process, e~e+ ff with / 7^ e and // — > 77. Experimental limits of the 4-fermion contact 
interactions from global fits are also used to constrain the unparticle scale. Conclusions and 
comments will be given in section V. Some tedious formulas are relegated in an appendix. 
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II. FORMALISM 

To fix notation we denote the scale invariant sector as a Banks-Zaks (BZ) sector IsH and 

w 

follow closely the scenario studied in The BZ sector can interact with the standard 
model fields through the exchange of a connector sector that has a high mass scale Mjj. 
Below this high mass scale, non-renormalizable operators that are suppressed by inverse 
powers of Mu are induced. Generically, we have operators of the form 

1 



OsmObz, (3) 



J^dsM+dBZ-i ^SM Ou , (4) 



where Osm and Obz represent local operators constructed out of standard model and BZ 
fields with scale dimensions d^M and di^z, respectively. As in massless non-abelian gauge 
theories, renormalization effects in the scale invariant BZ sector induce dimensional trans- 
mutation [1] at an energy scale Au . Below Ay matching conditions must be imposed onto 
the operator ([3]) to match a new set of operators having the following form 

^dsz-du 

where dy is the scale dimension of the unparticle operator Ou and Cqi^ is a coefficient func- 
tion fixed by the matching. Whether this matching can be implemented is highly nontrivial 
since the scale invariant sector might be strongly coupled. While we are very much ignorant 
of this scale invariant sector above the TeV scale, it was argued in Q that using the effective 
field theory approach specified by the operators like Eq. (jl]) one should be able to probe the 
unparticle physics at the LHC and ILC. Throughout this work, it is tacitly assumed that 
an exact scale invariance sector survives all the way down to the electroweak scale. 

Three unparticle operators with different Lorentz structures were addressed in 
{Ou^Oy^Ou} £ Ou, which correspond to scalar, vector, and tensor operators, respectively. 
Spin-i unparticle operator was considered in j^. In general, an unparticle operator from a 
scale invariant sector can be labeled by a triple {du;ji,j2) where du is its scale dimension 
and 2ji and 2j2 are two integers labeling the representation of the Lorentz group that it 
belongs to. Unitarity imposes constraints on possible values taken by the scale dimension 
depending on ji and j2 [25]. For example, for the scalar unparticle operator Ou, ji = j2 = 
and unitarity constrains du > 1. In the numerical works presented in this paper, we will 
simply require du > I for all unparticle operators. These unparticle operators can even carry 
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standard model quantum numbers [2| , for example a charged unparticle can be anticipated. 
Throughout this work we are contented with the unparticle operators that are standard 
model singlets. 



A. Phase space for real emission of unparticle 

It was demonstrated in that scale invariance can be used to fix the two-point functions 
of the unparticle operators. Let us consider a two-point function for a scalar unparticle 
operator Ou 

(0|O^(x)Oi(0)|0) = (0|e^^-O^,(0)e-^-Oi(0)|0) 

'dX f rfA'(0|O^,(0)|A')(A'|e-^^-^|A)(A|Oi(0)|0) 



(2vr)4 

where pu{P'^) is the spectral density and is formally given by 



"^'^ e-^^-/^(p2), (5) 



pu{P') = (2vrry rfA5^(P-pA)|(0|O^,(0)|A)|^ . (6) 
Inverse Fourier transformation gives 

Pu{P') = ld'xe^''-^{0\Ou{x)OlmO) 

= A,^ e{p') e{p^) {p'r (7) 

where a is an index to be determined based on scale invariance and Ad^ is a normalization 
factor also required to be fixed. Under a scale transformation x ^ sx and Ou{sx) — >■ 
s~'^"Ou{x), we have 

Ad, d{P') d{P')iP'r = J d'xs'e''''-^0\s~''"Ou{x)OlmO) 

= ^(sP°) e{s^P^) {s^PY ■ (8) 

Requiring scale invariance implies a = dy — 2, since the step functions are invariant. There- 
fore, we obtain 

Pu{P') = Ad, 9{P') 9{P') {Py--' > , (9) 

where Ad, is normalized to interpolate the du-hodj phase space of massless particle 2|. The 
phase space factor for n massless particle with {pi + P2 + ■ ■ ■ +Pn)^ = and = can be 



written as 



dLIPSn = A^s''-\ A„ = l^!^_£i!i±i_ , (10) 

(27r)2" r(n- l)r(2n) ' ^ ^ 

which for the first few n's are An^i — >■ 2'7r(n — 1), = and A3 = ^^^^3 , etc. Based on the 

similar scale dependence, the unparticle spectral density is identified with the phase space 

of du-hodj massless particle in a convention advocated in j^: du ^ n and An — * A^i^. So 

the factor Adi^ in Eq. ([H]) is given by 

_ levr^y/^ Tjdu + I) 

(27r)2^'^ r(rf^-i)r(2d^,) ■ ^ ^ 

Note that du can now take on non-integral value as well. This is a peculiar feature of 
unparticle physics since one can now speak of something like fractional particles. 

The differential cross section for a process involving the collision of two massless particles 
in the initial state and producing an unparticle plus a few other massless particles in the 
final state can be written as 

da{pi,p2 ^ Pu,h,k2,...) = \M\^d<l> 



2s 



where 



(2vr)^ 



d^ = (27r)^5(^) (p, - - fci - A;2 - ■ ■ ■) n 

i 

X (12) 

with s = {pi +^2)^ and |A^p is spin- and color-averaged matrix element squared. Note that 
in the limit dy —>■ 1 from above 

hm A,, {P^r--' e{P^) eiP^) = 2vr^(P°) 6{P^) , (13) 

SO that the phase-space factor associated with the unparticle behaves just like a single 
massless particle in this limit. If there are only one massless particle and an unparticle in 
the final state, the phase space factor is further simplified to 

= 7T7^,A,, e{P^) 9{P^) (P^Y"-' kUkldn . (14) 



2(27r)= 
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B. Virtual propagator of unparticle 



The derivation of the virtual unparticle propagator is also based on scale invariance. 
Without loss of generality we consider a scalar propagator. The extensions to spin-1 and 
spin-2 propagators simply include the appropriate spin structures and will be presented in 
the next subsection. The Feynman propagator Af{P'^) of the unparticle is determined by 
the spectral formula 

27r Jo P2 _ ^2 2 ^ ^ ^ ^ ' ^ ' 

where R{M^) = A(ii^{M'^Y^~'^ is the spectral density given in Eq. The appropriate form 
for Ap{P'^) to be scale invariant is Ap{P'^) = Zrf^(— P^)'^"~^, where Z^^ is the factor to 
be determined. Note that our polar angle of complex number is restricted to [— 7r,7r). The 
complex function (— p2^a!i^-2 analytic for negative P^, but needs a branch cut for positive 

o J o |p2|'^M-2 if P^ is negative and real, 

^p2^du-2^~iduTv ^Qj. positive P^ with an infinitesimal iO"*". 

This choice guarantees a propagator with a space-like momentum is real without cuts. We 
can then determine the factor Z^jj by comparing with the imaginary part of AplP"^) for a 
time-like momentum (P^ > 0): 

3mA^(p2) = -Z,^ sin{duTi){Py^-^ = -^A,, (p2)'^"-2 . (18) 



We thus obtain 
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Ad 

= 2sin(l7r) ' ^^^^ 



and the unparticle propagator is given by 



Af(p') = o -^u A -P')'"-' , (20) 

2 sm(ai/7r) 

where the definition of (— p2)"'M-2 jg gjygj^ ([T7]). In t- or u- channel process, (— P^) 

is positive and so there is no complex phase associated with the propagator. On the other 
hand, for an s-channel process (— P^) is negative and so there is a complex phase associated 
with the propagator. This will lead to interesting interference effects with the standard 



model amplitudes. For instance, in e~e"'" — > or Drell-Yan process [5|], the unpar- 

ticle propagator can interfere with the real photon propagator and with both the real and 
imaginary parts of the unstable Z boson propagator. We note that since ^ — 1 as 
du —>■ 1+, Eq. fl^Dl) reproduces the familiar result 

^lim^AHP^) = i,. (21) 
C. Spin structures of unparticle operators 

In Eq. the operator Ou is a scalar. It is straight-forward to extend to spin-1 and 
spin-2 unparticle operators by including appropriate tensor structures: 

(O|0^(a:)0^t(o)|o) = A,, J ^^e-^^- e{P') e{P') {Py--' 7r^'^{P) , (22) 

(O|0^^(x)0rt(o)|o) = A,, J ^,e-^^-e{P')e{P') (p2).«-2y,.,p.(p) ^ (23) 



where 



^M^(P) = _g,^ + __^ (24) 

rj^t^u^pa^p-^ ^ 1 |7r^^(P) 7r''"(P) + 7r^"(P) 7r^''(P) - ^ 7r^^(P) 7r''"(P)| . (25) 

The forms of 7r^^(P) and T^'^'P" are chosen such that P^^n'^'iP) = 0, Pf,T'"'^P''{P) = 0, and 
T^^P" = 0. The unparticle operators are all taken to be Hermitian, and and Oil' 
assumed to be transverse. In addition, the spin-2 unparticle operator is taken to be traceless 
^Ufi ~ 0- "^^^ propagators for vector and tensor operators can be derived as in Eq. fl20l) for 
the scalar case using spectral decomposition: 



Ap{P' 
Apfp2 



= , A -P'r'^-'n.UP), (26) 



-P')'"-'W(^)- (27) 



D. Effective operators 



The common effective interactions that satisfy the standard model gauge symmetry for 
the scalar, vector, and tensor unparticle operators with standard model fields are given. 
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Ao 



Ao 



4z-%(-pi-P25'"M-KP2) 



FIG. 1: Feynman rules for the scalar unparticle operators in Eq. ([28 



respectively, by 



Ao^MVO,,, Ao^/V/(5,0, 



^o—d7:^ai3G°'^Oi( , (28) 



(29) 
(30) 



where the covariant derivative = + ig^W^ + ig'^B^, G"^ denotes the gauge field 
strength (gluon, photon and weak gauge bosons), / stands for a standard model fermion, ijj 
stands for a standard model fermion doublet or singlet, and Aj are dimensionless effective 
couplings CQi^Aff^ /M^^^^'^'^^~'^ with the index z = 0, 1 and 2 labeling the scalar, vector and 
tensor unparticle operators, respectively. Here we label each coupling constant Aj (i = 0, 1, 2) 
the same for various operators of each spin. In principle, they can be different and they are 
then distinguished by additional indices. For simplicity we will also assume universality that 
Aj's are flavor blind. The Feynman rules for the operators in Eqs. ( 128|) . ( 129|) . and ( 130|) are 
shown in Figs. [HE], and[3], respectively. Conventional wisdom tells us that the scalar operator 
On coupled to fermion is suppressed by the fermion mass. As already studied in 
some of the operators listed above can give rise to interesting phenomenology, including real 
emission of unparticle as well as effective 4-fermion contact interactions. Phenomenology of 

iin 

unparticles that couple to flavor changing neutral currents have also been studied in [2] , |6| , 
0], [lO|, III, 12], 16|. More gauge invariant operators that couple the spin-0 and spin-1 



unparticle operators to SM fields are listed in 



17|. 
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FIG. 3: Feynman rules for the tensor unparticle operators in Eq. (j30p . The K^^^p" = —g^'^PiP2 ~ 
Pi 'P2g^^9"^ + PiP29"^ ~^ P2Pi9'^'^ ■ The double- wavy line represents a spin-2 unparticle while the 
single- wavy line represents a photon, and Q f denotes the electric charge of the fermion. In case of 
a Z boson in the middle diagram, replace eQf by g (^3 / ~ Qf sin^ where T^f is the isospin 
projection of the fermion doublet. 

E. Effective four-fermion interactions 

Virtual exchange of unparticle corresponding to the vector operator 0^ between two 
fermionic currents can result in the following 4-fermion interaction (Fig. UK) |5| 

mV = xl z,, ^ (^-^ j iUYh) . (31) 
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FIG. 4: Feynman diagrams for exchange of a spin 1 and spin-2 unparticles between two fermionic 
currents. 

The 4-momentum flowing along the unparticle propagator is Pu = (pi — ^2)- The contribu- 
tion from the longitudinal piece PuPu / Py in Eq. fl2^ has been dropped for massless external 
fermions. The convention of the fractional exponent of a complex number is already given 
in Eq. (ITTj) . The (— ) sign in front of Py of the unparticle propagator in Eq. ( l3Ti) gives rise 
to a phase factor exp(— ZTrrf^^) for time-like momentum > 0, but not for space-like mo- 
mentum Py < 0. For example, in Drell-Yan production the virtual exchange of unparticle 
in the s-channel will have Py taken as the s of the subprocess and therefore will contain 
a phase. The most important feature is that the high energy behavior of the amplitude 
scales as (s/A^)'^"~^. For du = ^ the tree amplitude behaves like that of a massless photon 
exchange, while for du = 2 the amplitude reduces to the conventional 4-fermion interac- 



tion 



26|,[27|, i.e., its high-energy behavior scales like s/A^. If du is between 1 and 2, say 
3/2, the amplitude has the unusual behavior of Ku at high energy. \i du = the ampli- 
tude's high energy behavior becomes (s/A^)^, which resembles the exchange of Kaluza-Klein 



tower of gravitons [28j. In principle, we can allow different couplings in different chirality 
combinations in the 4-fermion contact interactions, denoted by LL, RR, LR, RL, which can 
produce parity violation and therefore the forward-backward asymmetries. The combination 
of LL + RR + LR + RL gives VV interaction while LL + RR — LR — RL gives AA interaction 
that correspond to the vector and axial- vector interactions introduced in Ref. ^. 

One can also consider the exchange of spin-2 unparticle between a pair of fermionic cur- 
rents. The operator is given in Eq. (1301) and the Feynman rule in Fig. [3l After simplification 
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we arrive at the following 4-fermion interaction 

X [{Pl + P2) ■ {P3 + P4)9t,u + {Pl + P2)AP3 + P4)/.] , (32) 

for massless external fermions, where pi denotes the 4-momentum of the fermion along the 
fermion line (Fig. Hb). Note that the 4-fermion interaction induced by the spin-2 unparticle 
operator is further suppressed by (s/AnY relative to that induced by spin-1 unparticle 
operator. This is similar to the exchange by a spin-2 graviton (which corresponds exactly 
when du is set to 2 in Eq. (132!) .) Similarly, different chirality combinations are possible for 
the 4-fermion contact interactions with spin-2 unparticle exchange. 

The above 4-fermion amplitudes can interfere with the standard model amplitudes of 7, 
W and Z exchange, and thus leads to interesting interference effects. In particular, the 
different spin structures could be differentiated by studying various angular distributions. 
Based on these spin-1 and spin-2 unparticle exchange amplitudes one can study the Drell-Yan 
process at hadron colliders, deep-inelastic scattering at ep colliders, fermion pair production 
at e~e~^ colliders, atomic parity violation, as well as many other low-energy eq scattering 
processes, just in similar ways as the conventional 4-fermion contact interactions or as 



the Kaluza-Klein states of graviton 29|]. Modification of the Newton's inverse square law 



in the sub-millimeter range due to spin-2 unparticle exchange and its possible tests at low 



energy gravity experiments have been studied in 



24| 



F. Conjecture to large extra dimensions 



The close simi 
extra dimensions 



arity between the unparticle and Kaluza-Klein (KK) modes of the large 



30l | (LED) has been recognized [5j in the calculation of the production cross 



sections and in virtual effects. The unparticle and the KK states 3l| , 32| share analogous 
phase space integrations 28|, in particular the integration over the invariant mass squared 
P^. It would be interesting to relate the unparticle with the KK modes in LED. 

Let us first set up all fields of the standard model to be confined on a fiat 3 dimensional 
spatial brane with coordinates x. A scalar unparticle field can be identified as a massless 
scalar bulk field <l>(t,x, ?/) permeating into the LED described by extra coordinates yi {i = 
1, ■ ■ ■ , n). We study the simplest case that the space of LED is fiat and periodic in each 
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with periodicity L. The massless energy-momentum relation is 

n 

E' = p' + Y.ik,)\ (33) 

1=1 

where p is the momentum in the ordinary 3-space and ki is the momentum component in 
LED. Periodic conditions on the extra dimensions require all the momenta ki to be quantized 
such that they are integral multiples of 2tx/ L. As SM physics only operates on the 3-brane, 
the term Y^^=i{kiY of the corresponding KK modes effectively becomes the mass-squared 
of a particle propagating in the 3+1 spacetime. For large L, the summation over the KK 
modes turns into an integral and the density of states is introduced as 

Identifying the power of in the density of states with the power of in the spectral 
density of the unparticle, we obtain 

du = - + l. (35) 

With one extra dimension we can have the notion of one-and-a-half particle viewed from the 
3-brane, and so on. It is also tempting to make the following identification 

2,2(dM-l) 

'^'^^ = {4nYu-iT{du - 1) ^^^^ 

with dij given by Eq. fl35l) . Perhaps hidden higher dimension spacetime reveals itself through 
the unparticle physics. It might be interesting to see if realistic models can be built based 
on this alternative interpretation of unparticle. Recently, it has been demonstrated in 33 1 
that other values of dy related to a dimensionless mass parameter can be achieved by decon- 
structing the unparticle in the 5 dimensional warped anti-de Sitter space using the AdS / CFT 
correspondence. 



III. PHENOMENOLOGY: REAL EMISSION 



A. Mono-photon and mono-Z production in e collisions 



The energy spectrum of the mono-p 
can be used to probe the unparticle (5| 



loton from the process e (pi) e'^{p2) — > 7(^1) U{Pu) 
Similarly, the mono-Z production is also sensitive 
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to the presence of some unknown particles or unparticle. Let us first derive the cross section 
formulas for mono-Z production. 

The differential cross section for f{p) f{p') Z{k)U{Pu) is given by 



d^ = Ys l-^l' 167r3A?'^''' ' (^iPu)0{Ph)dEzdnz , (37) 

lA \ hi / 

where \}A\^ is the spin- and color-averaged matrix element squared. Note that the invariant 
mass squared of the unparticle is not fixed but is related to the energy Ez of the Z boson 
via the recoil mass relation, 

Pl^ = s + Ml-2^sEz , (38) 

where the energy range of Ez is 

o _|_ /Vf 2 

Mz<Ez< ET"" = . (39) 

s 

As usual, we define s = [p+p'Y, t = [p—k)"^ andu = [p—Pk)"^. Moreover, s+t+u = M^+P^. 
As du approaches unity, we recover the on-mass-shell condition in the phase space 

hm A,,{P^r--'e{P^) = 2vr5(P^) = ^S{Ez - ETl • (40) 



Thus, the integral over Ez is trivial and the cross section becomes 

1 1 / 



This reproduces the usual formula for 2^2 cross section. This is expected since du ^ 1 
corresponds to unparticle particle. In this case, the energy spectrum for the Z boson is 
just a delta function localized at Ez = E™^^. 



1. Spin-1 unparticle 

Let us turn our focus back to unparticle. For spin-1 unparticle, we consider only the first 
(vectorial) operator in Eq. fl29|) . Including the second (axial- vectorial) operator in Eq. fl29|) 
is straightforward. There are two contributing Feynman diagrams, t- and w-channels. The 
matrix element squared for f{p)f{p') Z{k)U{Pu) is given by 

1^1' = W> €}£^£o ^ [t I Mini Ml PilMl) (42) 



14 



where iV, is the number of color for the fermion /, g{ = T,f - Qf sin' 6^, = -Qj sin^ 9^ 
with Qf is the electric charge of the fermion / and the function g{x,y, z) is defined by 



g{x,y,z) = -[-+'-\ + ^- ^- + + - + - . (43) 

2 \y X I xy 2 V / \x y 



The result for f{p)f{p') — * ■y{k)U{Pu) can be obtained by setting Mz equal to zero and 
appropriate substitution for the couplings in Eq. fl37|) . viz. 



1 A /p2\'^M-2 

— \M\' Ik 

2s" 'I 167r3A2 \m 



da = - \M\' (^-| j E,dE,dn (44) 



with the matrix element squared given by 

\M? = J-A?e^Qj "'^^'J'''^^ . (45) 

The is related to the energy of the photon E^y by a simpler recoil mass relation, 

Pu = s- 2y/sE^ . (46) 

The mono-photon energy and recoil mass distributions are plotted in Fig. [5] for various 
choices of du at ^/s = 1 TeV. The sensitivity of the scale dimension to these distributions 
can be easily discerned. The standard model background from e~e~^ 7Z* 'yuu is also 
displayed for comparison. Similar features are also found for the process e~e+ ZU which 
has also been studied recently in 

2. Spin- 2 unparticle 

We consider both spin-2 unparticle operators in Eq. (!30l) and let their coupling constants 
be different, denoted by A2 and A2, respectively. There are four contributing Feynman 
diagrams for the process: t- and w-channels plus a seagull diagrams from the first operator 
and an s-channel diagram from the second. The matrix element squared for f{p) f{p') — >■ 
Z{k)U{Pu) is given by 

1^1' = 7^x1 /-^.^ii T77 ^72y^2[nt,u)+rG{t,u)+r'H{t,u)] (47) 

4A'c 2 sm t^^ cos^ 0^ 6{s — Mz) t u 



with r = A2/ A2 and 



1 



(F, G, H) = (Fo, Go, H,) + ^(^2, G2, H^) + — (F4, G4, H,) , (48) 



p2 \ ^3 - ^3 ^/ ■ p4 
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FIG. 5: Comparison of photon energy and recoil mass distributions of e e'^ ^ 'jU (spin-1 
unparticle) with the standard model background e~e~^ — > ^Z* — > ji'i? for different values of 
du = 1.001, 1.2, 1.5, 2 and 3 at ^ = 1 TeV. 

where these complicated functions can be found in the appendix. We note that these func- 
tions satisfy the following equations 



F2 + G2 + H2 = , 
F^ + Gi + Hi = . 

Thus, if we set r = 1, i.e., A2 = X'2, the and terms in the matrix element squared 
summed up to zero. This reflects the fact that the longitudinal parts in polarization sum of 
the spin-2 unparticle are just like the gauge artifact of the spin-2 massless graviton. They 
should not contribute to physical matrix elements. Note that the longitudinal part of the 
polarization sum of the Z boson does not contribute to the matrix element squared either, 
because the external fermion masses are set to be zero. In the case of r = 1, the above 
matrix element squared is simplified to 



1 Ai e\gi' + g{,') 



Al 2 sin^ e„ cos2 3{s - MlftH^ 



T{t,u) 



(49) 



where 



-^0 + Co + Hq 

SM^tu + Atu - {t + u) 



+ 3tu 



d2 



t 



u 



2P^ + t^ + u^- 2P^ (t + u) -P^ - Atu + P^ {t 



u 
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+ 2M|tM [27 - 42P^ (t + u)- 28tu {t + u) + 5P^ (st^ + 16tu + 3u' 
+ M| [52t\^ + 36t^u^ {t^ + u^) - 3P^ (f - I2tu + 
- QP^tu(f + 23t^u + 23tnf 
+ QP^ {f + - I2tu {t + I 



SP^it 



u 



u 



(50) 



Equations (H9l) - (!50|) coincide with the matrix element for // ZG where G is the Kaluza- 
Klein graviton obtained previously in ^|. Setting r = 1 implies that the two operators in 
Eg. (1301) sum up and has the form of the energy-momentum stress tensor in fiat spacetime. 



This idea has been generalized to curved spacetime 

Just like the spin-1 case, we can obtain f{p)f{p') — > ''){k)U{Pu) with appropriate substi- 
tutions: 



1 X2 



F(t, u) + rG(t, u) + r'^H{t, u) 



(51) 



3s^t^M^ 

where F, G and H are given by the previous formulas with Mz setting to zero. In the case 
of r = 1, the matrix element squared reduces to 

1 



e'Q)l-(2sP^ + e + u'){.sPl^ + Atu) . 



(52) 



The mono-photon energy and recoil mass distributions for emission of spin-2 unparticle 
are plotted in Fig. [Hlfor various choices of du at = 1 TeV with r = 1. The sensitivity of 
the scale dimension to these distributions can be also easily discerned. The standard model 
background from e~e^ 7Z* ^vv is also displayed for comparison. Similar features are 
also found for the process e^e+ ZU for the spin-2 case. 



B. ffU 

The decay width for the process Z f fU with a spin-1 unparticle can be easily obtained 



as 



dnz^ff + U) _ XI Ml (p^v^-' 



where ^ = P^/M"^ and xi_2 are the energy fractions of the fermions 0:1.2 = 2Ejj/Mz- The 
function g{z,w,^) has been defined in Eq. (l43l) . The integration domain for Eq. (153!) is 
defined byO<^<l,0<Xi<l-^ and 1 - Xi - ^ < X2 < (1 - Xi - ^)/(l - Xi). In fS,], we 
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FIG. 6: Comparison of photon energy and recoil mass distributions of e~e'^ 'jU (spin-2 
unparticle) with the standard model background e~e~^ — > ^Z* — > ji'i? for different values of 
du = 1.001, 1.2, 1.5, 2 and 3 at ^ = 1 TeV. 
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FIG. 7: Normalized decay rate of Z ^ qqU for spin-1 unparticle versus X3 = 2 — xi — X2 for 
different values of dy = 1^, 1.5, 2, and 3, where stands for 1 + e for a small positive e. 



plotted the normalized decay rate of this process versus the energy fraction of the fermion 
Xi- Here, in Fig. [71 we plot the normalized decay rate of this process versus the energy 
fraction of the unparticle = 2 — xi — X2- One can see that the shape depends sensitively 
on the scale dimension of the unparticle operator. As du —>■ 1, the result approaches to 
a familiar case of 7* — > qqg* 35|]. The matrix element squared for Z f fU with spin-2 
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unparticle can be obtained by applying crossing symmetry to the formulas for // Z14 
given in Eqs. fH9|) - fl50l) . We omit the detailed formulas here. 

C. Mono-jet production at hadronic collisions 

It was suggested in ^] that in hadronic collisions the following partonic subprocesses 
which can lead to mono-jet signals could be important for detection of the unparticle. 

gg gU ^ qq-^ gU ^ 
qg ^ qU ^ qg qU ■ 

For the subprocesses that involve both quark and gluon, we consider solely the effects from 
the vector operator O^. For the gluon-gluon fusion subprocess, we consider solely the effects 
from the scalar operator On. The partonic cross section can be derived as 

with the following matrix element squared for subprocesses 

\M{gg - 

|A7(gg 
\M{qq 

and a formula similar to the last one applies for qg qU as well. Note that the gluon fusion 
process involving Aq is further suppressed by dimension counting. Although Py is related to 
s by a kinematic relation similar to Eq. (l38l) . it is not uniquely determined at hadronic level 
where s ~ X1X2S with s the center-of-mass energy squared of the colliding hadrons and Xi^2 
are the parton momentum fractions. We found that the peculiar feature of the phase space 
factor Adi^ as a function of dy at partonic level is more or less washed out. With only one jet 
in the final state, not many observables can be constructed. We show in Fig. [8] the energy 
spectrum of the monojet at the LHC Since the s of each collision is unknown due to parton 
smearing, the Py of each event cannot be reconstructed. Therefore, it would be difficult to 
detect the unparticle at hadronic environment using the mono-jet signal, in contrast to its 



2 15367ra. (p^)4 + g4 ^ ^-4 ^ ^4 

^gU)?^\glXl ''-'^^'P'-'^'\ (56) 
y tu 

o st 
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FIG. 8: Differential cross section da/dEj versus Ej for the monojet signal at the LHC, with 
various d^. We have set Ay = 1 TeV and Aq = Ai = 1. 

original anticipation One would anticipate that mono-photon or mono-Z production plus 
an unparticle may be more promising at hadronic collisions, because of better experimental 
resolution for photons and charged leptons. However, one still suffers from the unknown s 
in hadronic collisions. The unparticle information carried by the mono-photon or mono-Z 
is likely to be washed out by parton smearing as well. Even though we do not consider the 
case of spin-2 unparticle here, including them should not alter the conclusion. 



D. Present constraints on Ak from mono-photon production at LEP2 



LEP collaborations 



361] had measured mono-photon production in the context of extra 



dimensions, gauge-mediated SUSY breaking models, and other models that can produce a 
single photon plus missing energy in the final state. Their limits on mono-photon production 
are similar. We simply take the strongest bound among these LEP results: L3 obtained an 
95% C.L. upper limit on cr(e~e"^ ^ 7 + X) ~ 0.2 pb under the cuts: > 5 GeV and 
I cos 6*^1 < 0.97 at y/s = 207 GeV. We calculate mono-photon plus unparticle production 
with the same cuts in e~e+ collisions with y/s = 207 GeV versus the unparticle scale 
(with a fixed Ai = 1) for du = 1.4, L6, 1.8 and 2 in Fig. O We have also drawn the 
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FIG. 9: Cross sections for mono-photon plus unparticle production at the e~e~^ colhder with 
^/s = 207 GeV for du = 1.4, 1,6, 1.8 and 2. The horizontal line of 0.2 pb is the 95% C.L. upper 
limit. 

horizontal line showing the 95% C.L. upper limit (0.2 pb). The limits on Ak can be read 
off where the horizontal line intercepts the curves. We tabulate the limits in Table [B Since 
the production cross section scales as A^/A^*^""^, the limits increases very rapidly when du 
decreases from 2 to 1.4 with Ai fixed. 

TABLE I: Limits on from mono-photon production data of a(e~e'^ ^ 7 + X) ~ 0.2 pb at 
LEP2 (95% C.L.) 



du 


An (TeV) 


2.0 


1.35 


1.8 


4 


1.6 


23 


1.4 


660 
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E. Other real emission processes 



The first operator in Eq. (130|) can involve the left-handed lepton or quark doublet. There- 
fore, it can give rise to Z —>■ vvU and charged-current process such as W~ l~vU etc. 
These decays will affect the invisible width of the Z boson and the missing energy spectrum 
of the charged W boson decay. Analysis of LEP data for these decays could provide useful 
constraints on the scale of unparticle physics. 



IV. PHENOMENOLOGY: VIRTUAL EXCHANGES AT TREE LEVEL 



A. Drell-Yan process 

Since the spin-0 operators often bring in a factor proportional to the external light fermion 
mass in the amplitude, their contributions are in general very small. Here we only consider 
the contributions from spin-1 and spin-2 unparticle exchange to the Drell-Yan process. 



1. Spin-1 unparticle 

The effect of including the spin-1 unparticle virtual exchange in the Drell-Yan process 
has been studied in Ref . jsj . We include here for completeness. The differential cross section 
for the Drell-Yan process can be written as 



dMu dy 727rs 



where s = Mf^ and ^/s is the center-of-mass energy of the colliding hadrons. Mu and y are 
the invariant mass and the rapidity of the lepton pair, respectively, and Xi^2 = Mue^^ / a/s. 
The K factor equals 1 + ^| (l + The reduced amplitude Map{a^(3 = L,R) is given 

by 

M - x^z 1 ( g V'^" I ^'Q^Q. I ^'slgl 1 

Map - ^i^'^" A2 1^ A2 ; + ^ + gi^2 0^ ^^^2 e^s-Ml + tM.Tz ■ ^^^^ 

Since s > 0, the phase factor expl—indu) in the unparticle 4-fermion contact term will in- 
terfere with the photon and Z boson propagator in a rather non-trivial way. This unparticle 
propagator phase can interfere with both the real photon propagator as well as the real and 
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FIG. 10: Drell-Yan invariant mass distribution for du = 1.3, 1.5 and 1.8 at the Tevatron with 
^/s = 1.96 TeV. We have chosen Au = 1 TeV and Ai = 1 for illustration. 

imaginary parts of the unstable Z boson propagator. This gives rise to interesting interfer- 



ence patterns 



J]. Despite having a complex phase in the unparticle propagator, it has been 



demonstrated in [33j using deconstruction that this doesn't lead to an unstable unparticle. 
As mentioned earlier, we can allow different couplings in different chirality combinations in 
the 4-fermion contact interactions. In fact, we are able to reproduce the effects in Ref. ^] 
using our 4-fermion amplitudes with different chirality couplings. However, it may be diffi- 
cult to disentangle the fractional differences from the SM prediction in Drell-Yan production 
due to experimental uncertainties. It may be easier to test the angular distributions and 
interference patterns in e~e+ collisions. We will show the results in the next subsection. 
For the moment we assume the same coupling in different chirality combinations so that 
the 4-fermion interactions are vector-like. In Fig. [TOl we depict the Drell-Yan distribution 
as a function of the invariant mass of the lepton pair for various du at the Tevatron. The 
peculiar effects from the phase space factor of Adg^ for non- integral values of du are evident. 
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2. Spin-2 unparticle 



We also study the effect of exchanging a spin-2 unparticle in Drell-Yan process with the 
first operator in Eq. fl5U]) . Similar pursuit has been performed in The amplitude for 
g(pi)g(p2) e^(p3)e+(p4) due to unparticle exchange can be adapted from Eq. (15^ with 
the substitutions p2 — > —p2 and p4 — > —p^. 



iMu 



S2 " 1 



^ \ du-2 



(Pl - V2) ■ {P3 - Pi) V{p2h^u{pi) U{p^)-i^v{pi) 



+ V{p2) (^3- ^4) U{pi) U{p3) (^1 



V{p4 



(60) 



Let us write the constant pre-factor in iA4u as 



du—2 



which includes the unparticle phase exp^—indu) for s > 0. The complete amplitude squared 
without color- or spin-average is given by 



+ 8|A|2 (t^ + u^- Qpu - 6iu^ + ISt^u^ ) + 16 



sm 1 2 



+ 16 



sin^ 6'„ cos^ 6*. 
+ «(« - if 



-5Re 



A* 



s - M| + zMzTz 



9191 - ^Pu - 3iu' + 



u 



(61) 



where 



9i 



s sin^ cos2 s - M| + iMzE ^ 



a, (3 = R 



f f 
f ^ 9i-9ii 

9a 2 

The differential cross section for the subprocess is 

da , _ _ , , 1 
[qq e e j 



dcosO 



327rs V3 4 



1 1 



(62) 



where 6* is the scattering angle in the parton rest frame, and i = — 1(1 — cos^*), u = 
— 1(1 + cos^*), and the factor || is for the color and spin average of the initial partons. 
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Integrating over cos^* from —1 to 1, the subprocess cross section is 

19 _ .1 

(63) 



a^qq —>■ e e^' 



12, 



1447rs 

It is noted that once when cos 6* is integrated, the interference term goes to zero accidentally. 
Therefore, it is hard to discriminate the effect of spin-2 unparticle by the invariant mass 
spectrum because of high suppression of powers of Au in the quantity A. Only the angular 
distribution can show a discernible effect, but the angular distribution is somewhat smeared 
out in Drell-Yan production because the central scattering angle is boosted by the partons. 

There is another contribution from the subprocess gg ^ U* —>■ e^e+ via a tree- level 
exchange of a spin-2 unparticle. Such a possibility arises from both operators in Eq. (!30|) 
in which we assume they have the same couplings. The spin- and color-averaged amplitude 
squared for this process is given by 

\M\\gg ^ e-e+) = A\A\^ui{e + P) . (64) 

The integrated subprocess cross section is 

a{gg e'e^) = ^l^l'^' • (65) 

Folded with parton distribution functions we obtain 



dMu dy 72ns 

X 



+ /,(xO/,(x2)yM/,|Ap|. (66) 

It is clear that the invariant mass distribution depends on \A\'^ rather than linear in A. 
Therefore, it needs a rather large coupling for the unparticle operator in order to see the 
effect, given a large Ay. We do not intend to show the invariant mass distribution here 
because it does not have any special feature. One would rather attempt to look at the 
angular distribution, which has a linear dependence on A. However, at hadronic machines 
one has to boost back to the rest frame of the lepton pair in order to obtain the scattering 
angle. Thus, experimental uncertainties are involved. We would turn to the study of the 
angular distributions in fermion-pair production at e~e'^ colliders, which is more direct and 
the center-of-mass energy of the collision is uniquely specified. 
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B. Fermion-pair production at e colliders 

The fermion pair production at e~e~^ colliders can be studied using the amplitude in 
Eq. (jSni) and the amplitude squared in Eq. flM]) with appropriate color-factor modifications 
for spin-1 and spin-2 unparticle exchange, respectively. 



1. Spin 1 unparticle 

The differential cross section including the spin-1 unparticle exchange is given by 



dcosd 12877 



;i + cos^)2(|Mii|2 + |M^«n + (1 - cose)WMLR\^ + \Mrl\^) 

(67) 

where Mq,^'s are given by Eq. fl59l) . 

To reiterate, the unparticle 4-fermion contact interactions in Eq. ( 1311) can be different for 
different chiralities of the fermions. Let us write the contact term between an electron and 



a fermion / as 



)2 \ <^M-2 



Ml^ = Xl Z,, -1 ( ) E Vapin.Pac) ifYPpf) , (68) 

U \ U/ a,f3=L,R 

where Pl,r = (1 =F 75)/2 are the chirality projection operators, and rjajs = ±1,0. It is 
clear from Eq. (1671) that different modifications to M^p can significantly change the angular 
distribution, because and Mjm are multiplied by (1 + cos6')^ while M^ji and Mjn are 
multiplied by (1 — cos 6')^. We show in Fig. [11] the angular distribution for e~e^ —>■ ^~ 
at = 200 GeV, with (a) only LL + RR and (b) only LR + RL contact interactions. It is 
easy to understand why LL + RR is increased in the positive region of cos 9 while LR + RL 
is enhanced in the negative cos 6' region. The forward-backward asymmetry can therefore 
discriminate various chirality couplings. 

The integrated cross section for e~e+ — > // can be obtained as 

a(e-e+ ^ //) = ^ (\Mll? + \Mrr\^ + iM^^p + \Mrl?) • (69) 

As mentioned before when we calculated the 4-fermion contact interactions, the unparticle 
propagator has a phase exp(— ivrrf^^), which can interfere with the real and imaginary parts 
of the Z boson propagator. We show in Fig. [T2] the total cross sections for e~e^ 
versus in the vicinity of the Z pole, with (a) LL + RR contact terms and (b) LR + RL 
contact terms. Interesting interference patterns can be seen around the Z pole. 
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FIG. 11: Angular distributions for e e"*" — > ^ ^i^ with various at -^5 = 200 GeV. The left 
(right) panel is with LL + KR (LR + RL) contact terms plus the SM contributions. We have set 
Au = 1 TeV and Ai = 1. 
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FIG. 12: Total cross sections for e~e^ ^ A*^ versus ^/s with various djj. The left (right) panel 
is with LL + RR {LR + RL) contact terms plus the SM contributions. We have set Au = 1 TeV 
and Ai = 1. 

2. Spin 2 unparticle 

The differential cross section including the spin-2 unparticle exchange can be obtained as 

'"'7'r^^'' =^(<EiA^i^) . (70) 

dCOSb' SZTTS V 4 / 

where J2 is given in Eq. (1611) . We show in Fig. [T3]the angular distribution for e~e~^ 

jj,^ at y/s = 0.5 TeV with various du- For du < 1.3, features of spin-2 unparticle exchange 
can be easily seen. 
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FIG. 13: Angle distribution for e~e~^ — > fJ-~ with spin-2 unparticle exchange plus SM contribu- 
tions at ^/s = 0.5 TeV. We have set An = 1 TeV and A2 = 1. 



Integrating over cos^ from —1 to 1, we obtain the total cross section: 



(71) 



Similar to Drell-Yan production the interference term linearly proportional to A goes to zero 
accidentally. Therefore, the total cross section is not a sensitive probe for spin-2 unparticle 
exchange. 



C. Diphoton production 

Diphoton production at e~e+ and hadronic colliders have been proved very useful to 
detect unknown resonances that can decay into a pair of photons and to search for anomalous 
diphoton couplings. The spin-2 unparticle can couple to a pair of fermions via the first 
operator of Eq. (!30l) and to a pair of photons via the second operator in Eq. ( l30l) . There are 
three contributing Feynman diagrams: the t- and w-channel standard model diagrams and 
the unparticle s-channel diagram. The amplitude for f{pi) fipi) 7(^1) 7(^2) due to the 
s-channel unparticle exchange is given by 

i f-sV"'^ 1 

iMu = --XjZdi, ij^j v{p2)[-fpipi-p2)a + laiPi-P2)p]u{pi) e^{h)e^{k2) 
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-k'i {k',g^^ + k^g"^) - k^ {k^g'^'^ + k'^g^'^^ 



(72) 



Again, let us denote the constant pre-factor in iM.u as 

du~2 



1 



- ^2 ( ) ■ 



The spin- and color-averaged amplitude squared is given by 



(73) 



\M\^ = 1-1 jse^Q) + ^) + 32Mt(M2 + e)\A'\^ + 32e2gJ(M2 + e^eiA)^ . (74) 



The differential cross section is given by 

da 



iff - 77) 



327rs 



(75) 



(i| cos 6*^ I 

where < | cos0^| < 1 because of identical photons in the final state. We show the angular 
distribution in Fig. [TH In the SM, the angular distribution is very forward with majority 
of the cross section at | cos0^| close to 1. When du is less than 1.2 the majority comes from 
the central region and a dip is formed around | cos^^^| ~ 0.9. It is because of the spin-2 
structure of the operator. The angular variable | cos^^| can be integrated from to a cutoff 
z because of the coUinear divergence of the SM cross section at | cos^^^| = 1. We obtain the 
integrated cross section as 



(^{ff 77) 



1 



1 



0<| cos 9j\<z 



32tts 4:Nr 



-2z - 2 log 



1- z 



+ 32s' 



z 

40 



L i -t- Z J 

Af + 32e^Qy (- + ^] MA'] 



6 



(76) 



We show the total cross section of e~e~^ — * 77 with a spin-2 unparticle exchange versus the 
center-of-mass energy in Fig. [15] with an angular cut of | cos^-y| < 0.95. We have set An = 1 
TeV and A2 = 1. The cross section starts to show visible deviations when ^/s is around 0.5 
TeV. 



D. Experimental constraints on unparticle scale A14 



Since the spin-1 unparticle exchanges will lead to 4-fermion contact interactions, we can 
use the existing limits on 4-fermion contact interactions 37|], 38|] to constrain the unparticle 
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FIG. 14: The differential cross section tjlcose^l ^ 

versus | cos at -y/s — 0.5 TeV with 
a spin-2 unparticle virtual exchange plus standard model contributions. A2 is set at 5 for visibility 
and Au = 1 TeV. 
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FIG. 15: Total cross section for e~e^ — > 77 with spin-2 unparticle exchange plus standard model 
contributions versus center-of-mass energy for different values of dij. We have set Au = 1 TeV and 
A2 = 1. 
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scale Ky We can compare Eq. (168|) with the conventional 4-fermion contact interactions 

A/ = -r^ E Vap{ei,Pae){h''Ppf), (77) 

a,l3=L,R 

which results in the following equality: 

Aj I- Ajj - (A^f ■ 
where A^^s are the 95% CL. limits on the eeqq contact interaction scales obtained by 
combining global data on fermion-pair production at LEP, Drell-Yan production at the 
Tevatron, deep-inelastic scattering at HERA, and a number of low-energy parity-violating 
experiments [371]. 

Instead of performing a full analysis, we do a simple estimate here by putting a fixed 
value for into Eq. (!78|) . Since the limits are dominated by the LEP2 data |37| when 
parity-conserving operators are considered, a fixed value of ~ (0.2 TeV)^ is chosen. 
Other choices are possible but will not affect our results significantly. The best limit is 
on the LL chirality because the parity-violating experiments, especially the atomic-parity 
violation, are very stringent: Af^^(eeuu) ~ 23 TeV while K^^i^{eedd) ~ 26 TeV. When 
parity-conserving combinations are considered, the limits are lowered: K^y{eeuu) ~ 20 
TeV, Afvieedd) ~ 12 TeV, and Af^ieedd) ~ Afy{eeuu) = 15 TeV. We rescale these 4- 
fermion contact interaction limits to the limits on the unparticle scale Au using Eq. (ITHIl . 
with Ai = 1 and P^ = (0.2 TeV)^. The results are shown in Fig. [161 Note that we have 
ignored the phase in the unparticle propagator in the analysis. The limits obtained are 
similar to those obtained from the single-photon production at LEP2. 

The estimates here are rather crude, because we have substituted the factor P^ by a 
constant (0.2 TeV)^, which should be good for a crude estimate. In principle, a different 
is needed for analysis of each high energy process. An updated global analysis using 
dependent amplitudes is necessary for more accurate limits. Similarly, another global 
analysis is needed for constraining the spin-2 unparticle exchange. We note that a recent 
paper 2^ has also derived some limits of the unparticle scale. 



V. CONCLUSIONS 



Scale invariance or the enlarged conformal invariance is an attractive symmetry, but is not 
realized in the low energy visible world. Perhaps, below a sufficient high energy scale an exact 
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FIG. 16: Rescaled limits from existing 4-fermion contact interactions. LL means only left-left 
chirality is considered while VV means LL + RR + LR + RL and A A means LL + RR — LR — RL. 
We have chosen « (0.2 TeV)^. 

scale invariant hidden sector may exist. Such a strictly scale invariant sector may couple 
weakly to the SM particles such that we may be able to probe it via high energy processes 
at the LHC and ILC. Operators Ou of a scale invariant sector with a general non-integral 
scale dimension has a phase space looked like a du number of invisible massless particles. 
Therefore, a typical reaction that involves emission of the unparticle in the final state gives 
rise to missing energy signals in the detectors. We have studied a number of processes that 
involve emission of the unparticle in the final state, including e~e^ 7W, ZU at the ILC 
and Z f fU at the Z-pole, as well as the monojet production at the LHC. We found that 
the energy distribution of the single photon or the single Z at ILC and the missing energy 
distribution in Z — > ffU can discriminate the scale dimension djj. However, the monojet 
energy spectrum is not so sensitive to du because of the wash-out by parton smearing. 

We also formulate the virtual exchange of unparticles between SM particles. We have 
shown that spin-1 unparticle exchange between two fermions gives rise to contact 4-fermion 
interactions, which scale as (s/A^)'^"~^ and thus differ from the conventional one because 
of the peculiar scale dimension du. Spin-2 unparticle exchange gives rise to another form 
of 4-fermion interactions. We have used Drell-Yan production at hadronic colliders and 
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fermion-pair production at e~e'^ colliders to study the interference of the unparticle-exchange 
amplitudes with the SM amplitudes. One peculiar feature of unparticle propagator is the 
phase factor exp(— ivrc^^^) which may interfere nontrivially with the Z boson propagator. 
We have demonstrated the intriguing interference effects in great details in fermion-pair 
production in e^e^ collisions. Finally, we have also studied diphoton production, which also 
shows the peculiar feature of the phase of unparticle propagator. 

Unparticles can be conjectured as a generalization of extra dimensions. The number of 
extra dimensions only take on integral values while the scale dimension of unparticle can 
take on any, even non- integral values. We speculate on a relation du = n/2 + 1 that relates 
the scale dimension to the number of large extra dimension. Therefore, unparticle physics 
is another program just as important as extra dimensions in the goals of the LHC 

Before we end, we offer a number of comments as follows. 

1. The calculation of diphoton production can be easily extended to other diboson pro- 
duction, such as ZZ and at e~e~^ and hadronic machines. Likewise, one can 
.udy .Ke u„pa.,cle effecUn .Ke gauge boson .a.e™. Q. 

2. The peculiar phase factor in the unparticle propagator can be used as a strong phase 
that is required in the CP violation studies l7\ of the i?-meson system. 

3. It is more natural to assume that the unparticle sector is flavor blind. Flavor changing 
coupling of the SM particles with the unparticle can then be induced at 1-loop via 
IV-boson exchange as was done in the second paper in Direct flavor changing 



couplings of the SM fermions wit 



1 unparticle will suffer strong constraints from low- 



energy flavor changing processes ^, [3], [l^, [ill, 12 L Q]- These constraints would 
push unparticle physics out of reach at the LHC. 

4. Dijet production at hadronic colliders is also sensitive to unparticle exchange. It would 
be similar to diphoton production. One would expect enhancement of cross section at 
high invariant mass of the dijet. 

5. Our formulas for 4-fermion contact interactions can be applied to other areas, e.g., 

n 

the ep deep inelastic scattering [8|, low-energy parity violating experiments, D — D or 
B — B mixings 
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6. Quarkonium decays can also constrain the unparticle by their invisible widths and by 
the decay mode of 7 + nothing. 

7. Astrophysics places constraints on real emission of unparticles. In principle, emission of 
unparticles in supernova, neutron stars, or some other astrophysical systems can lead to 
substantial cooling other than that by neutrinos. Therefore, using the experimentally 
measured cooling rates one can constrain the unparticle scale. Various limits of the 



unparticle scale have been estimated in 15| from the supernova SN 1987A data as well 



as from other cosmological considerations. 

8. The spin-1 unparticle contribution to the lepton anomalous magnetic moment at 1- 
loop has been calculated [5|. It should be possible to extend the calculation to the 
spin-2 case as well. The effect is expected to be minuscule, however. 

9. Besides the 2-point function, the momentum part of a 3-point or in general n-point 
function is known for a conformal field theory in 4 dimension up to an overall constant. 
Can one determine the overall constant for the 3-point or in general n-point function 
for the unparticle operators? We will leave this to those with more ambitious minds. 

Phenomenology of unparticle physics is quite rich. While the underlying theory of unpar- 
ticle is still needed to be unraveled by theorists, experimentalists could detect such a hidden 
scale invariant sector when the behemoth LHC machine becomes online in the year 2008! 
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APPENDIX A: FUNCTIONS F, G AND H 



These functions appeared in // — > ZU for spin-2 unparticle U. 

1 1 
{F, G, H) = (Fo, Go, Hq) + 7^(-p2, G2, H2) + 754 (-P4, G4, H^) 
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with 



Fo{t,u) 



16M| + (jf + 12tu + 7u^) - 3 (3t^ + llfu + lltu^ + 3u^) 
+ 6M| (7P^ -2{t + u))+ M| (lAP^ - 15f - Utu - 15u^ + 2P^ (t + u) 
Go{t, u) = Atu {6M| [Pu-t- u) {t + u) 

+ M| [9f + It^u + 7tu^ + + l^P^ {t + u)- 2P^ (l2t'^ + 19tu + 12u'^) 
6P^ - 9P^ (t + u)- P^ {f + mu + -u^) + 6 (f + Qfu + Qtu^ + u^) 



+ tu 

+ Ml 



-3t^ + 25t^M + 58t^M^ + 2htu^ - + &P^ (t + u) 



- P^ (l^f + 2tu + 15^2) + 2Pli (Qt^ - llt\ - Utu'^ + 6u^)] } 
Ho{t,u) = 2AMltu(^-P^ + t + uy 

- GMitu [-9P^ + 24P^^ (t + u)- P^ (21t^ + 38tu + 21m^) 
+ 2 (3^3 + bfu + 5tu^ + 3u^)' 

- M| [3P^ {f - Utu + u^) - 2tu {t + uf (df - 29tu + 6ii^) 

- 6P^ {t^ - 16t\ - mu^ + u^) + bAP^tu + + tu^ + u^) 
+ P^ (3t^ - lQ2t\ - 166t\'^ - 102tu^ + 3u^)' 
+ tu [6P^^ - 18P^ (t + u)- 12P^ (t + uf + 3P^ {it^ + I2tu + lu^) 

- mu (f + bt^u + btu^ + u^) + P^ (3t^ + 32t\ + 78t\^ + 32tu^ + 3m^ 
F2{t, u) = 2t\^ {t + u) [-8M| {t + u) + AMI if + + u^)+3 {f + bt^u + Stu^ + -u^) 
G2{t, u) = -4^2-^^ + u) [-10M| + -u) + 2M| {3t^ + 7iw + 3w^) 

+3 (f + St^M + btu^ + M^) 
i^2(t, = 2t\2 (t + -u)^ [-12M| + 8M| + -u) + 3 (t^ + Atu + -u^) 



-2t\^ {t + uf {f + u^ -Ml{t + 



u 



The following relations are found to be satisfied by these functions 

F2 + G2 + H2 = , 
F4 + G4 + i/4 = . 
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